SUMMARY This study was designed to characterize potassium-induced relaxation in vascular smooth muscle during the development of deoxycorticosterone acetate (DOCA) hypertension. Pigs were implanted subcutaneously with 100 mg/kg DOCA. Mean arterial pressure in the DOCA-treated pigs reached levels approximately 37% greater than controls. In some pigs, the left hindlimb vascular bed was "protected" from the rise in arterial pressure by ligation of the iliac artery. Arterial strips from DOCA hypertensive and normotensive pigs relaxed in response to potassium after contraction induced by norepinephrine in potassium-free solution. Arterial strips from DOCA hypertensive pigs showed greater relaxation than did those from normotensive pigs. The magnitude of relaxation in femoral arteries from "protected" hindlimbs was similar to that in arteries from the contralateral unoccluded limb. Potassium-induced relaxation in tail arteries from DOCA hypertensive pigs was more sensitive to ouabain inhibition than that from normotensive pigs. Relaxation induced by potassium varied with: 1) length of incubation in potassium-free solution; 2) concentration of added potassium; and 3) concentration of norepinephrine added during the potassium-free interval. The amplitude of potassium-induced relaxation is believed to be a functional index of the activity of the electrogenic sodium-potassium transport system. These experiments support the hypothesis that vascular smooth muscle from DOCA hypertensive animals has increased electrogenic sodium pump activity. The development of this vascular change parallels the increase in blood pressure induced by mineralocorticoid excess. (Hypertension 4: 609-619, 1982) KEY WORDS • electrogenic pump * ouabain • femoral artery • renal artery sodium • norepinephrine • tail artery A N appropriate increase in the extracellular concentration of potassium ion produces va-. sodilation in intact vascular beds' 2 and relaxation of isolated blood vessel segments.
being inactivated by temperatures around 20°C. Other experimental conditions (potassium, sodium, and magnesium concentration, ouabain, monovalent ion specificity) also alter the magnitude of potassium-induced relaxation in exactly the same manner as that predicted from the literature dealing with that variable on the sodium pump.
In hypertensive humans and animal models, vasodilator responses to potassium in intact vascular beds are attenuated.
2 8>9 These observations led to the hypothesis that the activity of the electrogenic sodium pump in vascular smooth muscle is depressed during hypertension. In contrast, recent observations in this laboratory indicated that isolated vascular segments from rats with genetic hypertension consistently show greater relaxation in response to potassium, 10 suggesting an enhanced pump activity. The current study was intended to add evidence bearing on the controversial reports assessing potassium-induced relaxation of vascular smooth muscle in hypertension and to further characterize vascular changes in mineralocorticoid-induced hypertension. 610 
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Methods
Animals
Young male feeder pigs (20-30 kg, Chester White or Yorkshire) were purchased from local farmers. The animals were housed in individual cages and given Purina Pig Chow (Growena) and tap water ad libitum. Chronic instrumentation for measurement of cardiac output, aortic blood pressure, and femoral arterial pressure was performed as described previously." 12 After 5 to 10 days of stable baseline measurements, the pigs were anesthetized with thiamylal (Surital), and underwent subcutaneous implantation (into the left flank) of deoxycorticosterone acetate (DOCA) impregnated in Silastic rubber strips. This implant contained 100 mg/kg DOCA. Silastic rubber strips without DOC A were implanted in control pigs. A recent review article 13 details various changes (e.g., hormonal effects, electrolyte balance) which characterize this model of mineralocortocoid hypertension.
Tissue Preparation
Prior to and at intervals after implantation of the Silastic strips, the pigs were anesthetized with thiamylal and a segment of the tail (4-6 cm) was removed. The tail artery (0.8 to 1.0 mm o.d.; ventral caudal artery) was rapidly excised and transferred to a dissection dish containing physiological salt solution (PSS). The vessel was cut helically into strips (0.8 -1,0 x 10 mm) under a dissecting microscope. The strips were mounted vertically on a glass holder in a tissue bath containing 50 ml of PSS. The upper end of each strip was connected to a force transducer (Grass FT.03) and the resting tension of each strip was adjusted so that it produced maximum active force in response to a standard dose of norepinephrine (10~7 g/ml). Before the start of experiments, the strips were allowed to equilibrate for 90 to 120 minutes in PSS. The bathing medium was maintained at 37°C and aerated with a mixture of 95% O 2 and 5% CO 2 . The pH of the PSS was 7. 4 Additional experiments were performed on helical strips (1.0 x 10.0 mm) of renal arteries and femoral arteries removed from the pigs when the study was terminated. The femoral arteries were obtained from pigs in whom the left iliac artery had been ligated to protect the distal vascular bed from the increase in arterial pressure which accompanied the implantation of DOCA. 12 The results of these experiments were analyzed by a variety of statistical procedures. Dose-response curves were calculated as geometrical means. Paired and unpaired t tests and curve fitting analyses (probit transformation) were performed. A p value less than 0.05 was considered to be statistically significant. 
Results
Animals
A total of 29 pigs were used in these experiments: 14 received DOCA in Silastic implants, 11 received Silastic implants without DOCA, and four received no implant (table 1) . All pigs implanted with DOCA demonstrated elevations in mean aortic blood pressure within the first 3 to 5 days. At 55 ± 6 days postimplantation, the mean aortic pressure reached a plateau at approximately 37% above the preimplant values. Pigs that received Silastic implants without DOCA showed no significant changes in mean aortic blood pressure from preimplant values.
Ligation of the left iliac artery was performed in three DOCA-treated pigs and four normotensive control pigs (Silastic implant without DOCA). This arterial ligation reduced the arterial pressure in the femoral artery distal to the ligation. The pressure gradient between the aorta and the left femoral aratery was approximately 27 mm Hg in the DOCA-treated pigs and approximately 10 mm Hg in the normotensive pigs when the study was terminated.
It was evident from the body weights that the pigs were growing rapidly. There was no significant difference in weight gain between the normotensive pigs and the DOCA-hypertensive pigs. 'Significant difference between preimplant and postimplant values (p < 0.05).
tSignificant difference between DOCA-implanted pigs and Silastic-implanted control pigs at 3 to 5 days post implant (p < 0.05).
tSignificant difference between chronic DOCA-implanted pigs and chronic control pigs (p < 0.05). 
Relaxation Induced by Potassium
The tracings in figure 1 illustrate the procedure used to evaluate potassium-induced relaxation in isolated vascular segments from pigs. Helical strips of tail artery were placed in a potassium-free solution for 17 minutes. At 14 minutes into this interval, norepinephrine (10~7 g/ml) was added to the muscle bath. Three minutes later, when the contractile response to norepinephrine had reached a plateau, the bath concentration of potassim was increased to 15.0 mM and an abrupt relaxation occurred. The resultant relaxation was quantified as a percentage of the total contraction that existed just before the potassium was added. Tail artery strips from DOCA-hypertensive pigs relaxed to a greater percentage of their norepinephrine contraction than those from normotensive control pigs. Following several minutes of relaxation, a spontaneous and abrupt increase in mechanical response was observed in arterial strips from both DOCA-hypertensive and normotensive pigs. Following the increase in mechanical response, the arterial strips were returned to normal PSS.
The magnitude and duration of the relaxation induced by potassium varied with the time of exposure to potassium-free solution ( fig. 2 ). When the interval of time was short, the magnitude of the relaxation was small ( fig. 2 left) and the duration of the relaxation was short ( fig. 2 right) . Increasing the interval caused the potassium-induced relaxation to be greater in magnitude and in duration. Helical strips of tail artery from DOCA-hypertensive pigs showed greater relaxation in response to the addition of potassium than did those from normotensive pigs (preimplant or chronic pigs). The duration of the relaxation tended to be longer in tail artery strips from DOCA-hypertensive pigs.
Magnitude of Contraction to Norepinephrine and Potassium-Induced Relaxation
To determine whether the magnitude of the norepinephrine response was responsible for the difference in relaxation between DOCA-hypertensive and normotensive pigs, norepinephrine concentrations of 10~9 to 10~5 g/ml were used to produce variations in the magni- hypertensive pigs were less (1908 ± 4 1 1 mg) than those from Silastic implanted pigs (3100 ± 3 2 1 mg) but not those from preimplant pigs (1677 ± 196 mg).
Effect of Ouabain on Potassium-Induced Relaxation
Ouabain, an inhibitor of the electrogenic sodiumpotassium pump, 7 decreased the amplitude of potassium-induced relaxation in tail arteries from all pigs ( fig. 4) . However, tail arteries from DOCA-hypertensive pigs were more sensitive to inhibition by ouabain than were those from normotensive pigs (preimplant or with elastic implant). This was evident when the responses in the presence of ouabain were normalized to their respective control responses (table 2, fig. 4 ). The magnitudes of the relaxation prior to ouabain treatment were: 1) DOCA-hypertensive pigs = 60.0 ± 3.5%; 2) preimplant normotensive pigs =; 40.2 ± 1.7%; and 3) Silastic-irhpiant normotensive pigs = 45.1 ± 2.6%, At the highest concentrations of ouabain (10" 6 and 10* 5 M), tail artery strips from DOCAj-hypertensive pigs contracted when potassium (15.0 mM)Avas readmitted to. the muscle bath, whereas those from norrnotensiye pigs did not contract.
Concentration-Response to Potassium in Arteries from Different Anatomical Locations
In the preceding experiments, potassium was added back to the bath to attain a final concentration 15.0 mM. Figure 5 [Potassium] (mM) left) from DOCA-hypertensive and normotensive pigs (preimplant and chronic pigs). The magnitude of relaxation increased as the concentration of potassium increased over a range of 0.5 to 20.0 mM in all arterial strips. Arterial strips from DOCA-hypertensive pigs relaxed to a greater extent than those from normotensive control pigs. The magnitude of potassium-induced relaxation was independent of the level of femoral arterial pressure. Figure 5 lower left shows the dose-response curves for potassium of femoral arteries isolated from "protected" and "unprotected" hindlimbs of DOCA-hypertensive and chronic normotensive pigs. The magnitude of potassium-induced relaxation was similar in femoral arteries from "protected" hindlimbs and those from the "unprotected" hindlimbs at all concentrations of potassium.
To determine if there was a change in the sensitivity of the relaxation to potassium in arteries from DOCAhypertensive pigs, the data presented in figure 5 were transformed to percent maximum relaxation and the concentration at which half-maximal relaxation JQ occurred was calculated by probit analysis (table 2) . The ED,,, for arterial strips from DOCA-hypertensive pigs were significantly different from that for arterial strips isolated from Silastic-implanted control pigs but not from preimplant control pigs. The threshold concentration of potassium required to produce relaxation (10% of maximum) was significantly lower in arterial strips from DOCA hypertensive pigs as compared to that in arterial strips from normotensive control pigs (table 2) .
Temporal Relationship Between the Rise in Blood Pressure and the Magnitude of Potassium-Induced Relaxation
To determine the onset of changes in vascular responsiveness during the development of hypertension, potassium-induced relaxation was performed in consecutive portions of the tail artery prior to and after implantation in six control pigs (Silastic implant) and in five DOCA-treated pigs ( fig. 6 ). Each pig was anes- fig. 6 ). At each time point, a 3 to 4 cm section of the tail was surgically removed and the tail artery was isolated. Potassium-induced relaxation in tail arteries from normotensive pigs ( fig. 6 upper and lower left) did not change significantly from preirriplant values (day zero). At 3 to 5 days postimplantation of DOCA there was a 37% increase in the magnitude of potassiuminduced relaxation compared to preimplant values; and at the time Of termination the magnitude of potassiuminduced relaxation had increased to 64% above the preimplant values. The change in vascular responsiveness to potassium paralleled the rise in mean arterial pressure in DOCA-treated pigs (compare top and bottom panels of fig. 6 upper and lower right).
Days
FIGURE 6. Temporal relationships between the rise in blood pressure and the magnitude of potassium-induced relaxation. Potassium-induced relaxation of isolated tail arteries was performed as described in figure 1. Tail arteries were isolated before implantation (day zero) of Silastic strips (Fig. 6 left graphs; n = 6) or before implantation of Silastic strips impregnated with DOCA (fig. 6 right graphs; n = 5), at 3 to 5 days postimplantation, and at the time of termination of the pigs. In pigs implanted with Silastic there was no significant change in the magnitude of potassium-induced relaxation, whereas pigs implanted with DOCA showed an increase in the magnitude of potassium-induced relaxation at 3 to 5 days postimplant, and a further increase in the magnitude of potassium-induced relaxation in DOCA-treated pigs paralleled the rise in mean arterial pressure.
Discussion
Potassium-induced relaxation in intact vascular beds of renal hypertensive animals, essential hypertensive humans, and genetically hypertensive rats (New Zealand strain) has been reported to be decreased, 28 -9 whereas potassium-induced relaxation in isolated vascular segments from genetically hypertensive rats (spontaneously hypertensive rats (SHR), Japanese strain) has been observed to be increased as compared to normotensive animals. 10 The results of the current study provide evidence that relaxation in response to potassium is exaggerated in the vasculature of DOCAhypertensive pigs.
The cellular process responsible for potassium-induced relaxation is the electrogenic pumping of sodium and potassium by sodium-potassium adenosine triphosphatase. 6 Bonaccorsi etal? observed that isolated rat tail artery strips, made to contract in response to serotonin in potassium-free solution, relaxed when potassium was returned to the bathing medium. They suggested that during incubation in potassium-free solution, the activity of the sodium pump is eliminated, and therefore sodium accumulates intracellularly. When potassium is returned to the bathing medium, the sodium pump is activated due to the high intracellular concentration of sodium. This results in hyperpolarization which decreases membrane excitability and causes relaxation. Once the pump reduces the intracellular concentration of sodium toward normal, its activity decreases and the membrane potential returns toward normal. The presence of serotonin then caused excitation of the smooth muscle and an increase in mechanical response was observed. These interpretations were supported by membrane potential measurements and by the observation that ouabain, an inhibitor of the sodium pump, 7 eliminated the potassium-induced relaxation. Other investigators have suggested the same mechanism for potassium-induced relaxation of vascular smooth muscle based on similar experimental observations. 6 The observations of the current study support the hypothesis that vascular smooth muscle from DOCAhypertensive animals has increased electrogenic sodium pump activity.
14 "
17 Although the precise mechanism responsible for this increased activity is unknown, it may be that Vascular smooth muscle from DOCA-hypertensive animals has either an increased intrinsic electrogenic sodium pump or an electrogenic pump that has been stimulated to a greater degree by ati elevated intracellulaT sodium concentration. Evidence in support of the latter conclusion is that the magnitude and duration of potassium-induced relaxation is greater in tail artery strips from DOCA-hypertensive pigs as compared to that from normotensive pigs when the duration of the exposure of the vascular strip to potassium-free solution is increased ( fig. 2 ). Intracellular sodium accumulates under potassium-free conditions 14 " and longer exposures would therefore lead to a greater sodium accumulation producing an increasing magnitude of relaxation following readmission of potassium.
Friedman and Friedman 14 observed that the intracellular concentration of sodium, measured in normal PSS, is less in tail arteries from DOCA-treated rats and SHR as compared to their respective controls. Incubation of the arteries in potassium-free solution resulted in an increase in the intracellular concentration of sodium (and, conversely, potassium lost), and the amount gained was greater in the arteries from the hypertensive rats. The increased cellular sodium in hypertensive arteries, under these conditions is probably due to a greater membrane leak of the cation as established in studies of radioactive ion fluxes. 1617 An increased membrane permeability to sodium would also explain the observation that the duration of relaxation was longer in arterial strips from DOCA-hypertensive pigs. The termination of the relaxation is believed to indicate that the intracellular sodium concentration has returned toward normal, and therefore the activity of the electrogenic sodium pump has returned the membrane potential toward normal. 3 The presence of norepinephrine may then again cause excitation of the cell and the mechanical response returns to normal. Recent observations by Jones and coworkers 18 demonstrate that the passive ionic permeability for sodium is 1.4-to 2.0-fold higher in aortic smooth muscle from DOCA-hypertensive rats than in that from normotensive controls even when the active transport of sodium is stimulated by high extracellular potassium (10.0 mM). Thus, it may be that it requires more time for the sodium pump to return the membrane potential toward normal in hypertensive arteries resulting in a longer duration of relaxation. Alternatively, the transition from the relaxed to the contracted state involves other factors (calcium metabolism, excitation-contraction coupling) which account for the difference in the duration of relaxation between arterial strips from hypertensive and normotensive pigs.
It is possible that an increased intrinsic electrogenic pump produces the greater relaxation response to potassium in hypertensive arteries. Knox and Sen 19 have observed that one of the proteins synthesized in increased amounts in response to the mineralocorticoid, aldosterone, is sodium-potassium ATPase. DeLuise et al. 20 have shown a positive correlation between the amount of radioactive ouabain binding and the cation transport activity of the pump (as measured by radioactive rubidium uptake) in erythrocytes from normal and obese persons. Red blood cells from normal individuals had increased cation transport activity in parallel with a greater ouabain binding suggesting a greater number of pump units in these cells as compared to those from obese subjects. Thus, the greater magnitude of potassium-induced relaxation in vascular smooth muscle from DOCA-hypertensive pigs may reflect an increase in the number of pump sites as compared to that in normotensive pigs.
An interesting observation of this study is that relaxation in response to potassium from hypertensive pigs was more sensitive to the inhibitory effects of ouabain than those from normotensive animals. Similarly, Webb and Bohr 10 observed that there was a significant shift to the left in the dose-response curve for ouabain inhibition of potassium-induced relaxation in tail arteries from SHR compared to those from normotensive rats. Gothberg et al. 21 have shown that ouabain produces a leftward shift in the vascular resistance doseresponse curves to norepinephrine in the hindquarters of SHR and normotensive rats. The shift in the curve produced by ouabain was greater in SHR as compared to normotensive rats. Similar results were obtained when vasopressin or barium were used as the vasoconstrictor agonists. It is difficult to choose among the several possibilities that might explain this increased sensitivity to ouabain in hypertension. For example, a difference in the stability of the pump-glycoside complex could contribute to differences in ouabain inhibition. Alternatively, a difference in intracellular adenosine triphosphate or sodium levels could influence ouabain inhibition, since the glycoside binds to a sodium-activated, phosphorylated intermediate of sodiumpotassium ATPase. 7 Tail artery strips from DOCA-hypertensive pigs contracted when potassium was readmitted to the bathing medium in the presence of high concentrations of ouabain whereas those from normotensive pigs did not. The reason for this unusual difference in response to potassium is unclear. It may be that vascular smooth muscle from hypertensive pigs may depolarize to a greater extent during ouabain treatment that alters membrane conductance. 22 The magnitude of potassium-induced relaxation increased as the concentration of added potassium was raised from 0.5 to 20.0 mM. The magnitude of responses in arterial strips from DOCA-hypertensive pigs was observed to be greater at both low and high concentrations. This relationship to potassium concentration was independent of the anatomical location of the blood vessel, suggesting that increased potassiuminduced relaxation may be a generalized change in vascular function. When the data were normalized to the maximum response, arterial strips from DOCAhypertensive pigs showed lower thresholds and EDJO levels than those from Silastic control pigs. The concentration of potassium required to produce a threshold response was lower in strips from DOCA-hypertensive pigs as compared to those from preimplant normotensive pigs, whereas the concentration of potassium required to produce half-maximal relaxation was not statistically different between these two groups of animals. The reason for a change in threshold without a concomitant shift in the EDj,, is not apparent, but suggests that the electrogenic pump in tail arteries from DOCA-hypertensive pigs is only slightly more sensitive to potassium than those from preimplant pigs. It may be that the proper control group for the DOCAhypertensive pigs (55 ± 6 days postimplant) is the Silastic-implanted pigs (47 ± 7 days postimplant) since these animals are more closely age-matched to the hypertensive animals than the preimplant pigs.
The magnitude of potassium-induced relaxation was not dependent on the level of arterial pressure. Femoral arterial strips from "protected" and "unprotected" limbs of DOCA-hypertensive pigs showed increased relaxation in response to potassium as compared to those from chronic normotensive pigs. Although the reduction in mean arterial preessure in the so-called "protected" limb was small, it is unlikely that the level of arterial pressure is an important determinant of the relaxation response, since changes in threshold and ED,,, did not occur in arterial strips from the "protected" limbs. The results do suggest that a functional change in vascular smooth muscle occurs in DOCA hypertension regardless of whether the vascular bed is protected from the increased arterial pressure.
The development of an increased response to potassium paralleled the development of increased arterial pressure in DOCA-treated pigs. Tail artery segments isolated at 3 to 5 days postimplantation of DOCA demonstrated an increased magnitude of potassium-induced relaxation and the mean arterial pressure in these pigs was already significantly increased above preimplant values. The early increase in potassium relaxation again suggests that this change is not secondary to a prolonged period of increased wall stress.
The magnitude of potassium-induced relaxation in tail artery strips decreased as the concentration of norepinephrine added during the potassium-free cycle increased, demonstrating that the level of contraction influences the resultant relaxation caused by the cation. Since the level of the contractile responses depends on a number of interacting variables (intracellular calcium concentration, coupling between membrane potential and contraction, cyclic nucleotides, etc.), 23 -24 these observations demonstrate that the comparison of potassium-induced relaxation in arteries from DOCA-hypertensive pigs and those from normotensive pigs may be an oversimplified measure of sodium pump activity. For instance, the concentration of norepinephrine at which there was a half-maximal con-traction was lower in arterial strips from DOCA-hypertensive pigs. This effect probably reflects the increased sensitivity of vascular smooth muscle to vasoactive agents during the development of DOCA hypertension."- 12 This change in sensitivity to norepinephrine may be caused by any of several processes which determine sensitivity to an agonist. 21 However, the magnitude of potassium-induced relaxation was greater in arteries of hypertensive pigs than in those of normotensive pigs, regardless of norepinephrine concentration, suggesting that the increased vasoconstrictor sensitivity does not mask the increased activity of the sodium pump in DOCA-hypertensive arteries under these experimental conditions.
Other cellular processes that may influence the level of potassium-induced relaxation include: an alteration in the sodium-calcium exchange mechanism; and altered calcium efflux and/or sequestration. 24 It is doubtful that the sodium-calcium exchange mechanism plays an important role in the relaxation for two reasons. First, according to this hypothesis, calcium entry occurs when intracellular sodium is high. Thus, potassium-free conditions (which lead to increased intracellular sodium) should cause contraction. This is not the case in the tail arteries of rats and pigs. The small contraction that occurs during the potassium-free incubation (evident in fig. 1 ) is due to norepinephrine released from adrenergic nerve endings in the vessel wall (unpublished observations). 25 Second, it is doubtful that an increase in potassium outside the cell could alter the intracellular sodium concentration fast enough to cause the relaxation by influencing a sodium-calcium exchange. Altered calcium efflux through the cellular membrane and changes in the sequestration of calcium of the subcellular level could also alter the potassium-induced relaxation. Experimental evidence suggests, however, that both of these processes are decreased in arteries of hypertensive animals leading to elevated levels of activator calcium. 24 Thus, an increase in intracellular calcium by these two latter processes would be predicted to reduce the level of potassium-induced relaxation rather than increase the response relative to the normotensive controls.
Many studies have been performed in an effort to define electrogenic transport of monovalent ions in vascular smooth muscle from hypertensive animals. 24 -M The techniques used to evaluate electrogenic transport include: 1) potassium-induced relaxation; 2) transmembrane electrical potential; 3) ion flux measurements; and 4) measurement of sodium-potassium ATPase activity. The observations of these studies have yielded opposing views concerning the activity of the electrogenic sodium pump in hypertension. Interestingly, the observations of several different laboratories have indicated that electrogenic transport of sodium and potassium is increased in vascular smooth muscle from animals with genetic hypertension. In contrast, the electrogenic transport system has been observed to be either increased or decreased 16 24 in animals with hypertension induced by experimental intervention (renal hypertension or mineralocorticoid hypertension). Recent observations by Pamnani and associates 27 demonstrate that these differences in measured pump activity in hypertensive arteries may be due to the washout of a humoral factor which inhibits the electrogenic sodium pump (present in the plasma of hypertensive animals). These investigators observed that tail arteries from DOCA hypertensive rats showed decreased ouabain-sensitive rubidium uptake relative to controls when the arteries were studied immediately after removal from the animal. When the arteries were first incubated in PSS for 4.5 hours, the ouabain-sensitive rubidium uptake was increased in the hypertensive arteries compared to the controls suggesting washout of a factor which suppresses pump activity. The precise chemical nature of this humoral factor which inhibits the sodium pump is unknown. Although the current evidence does not resolve the apparent conflict concerning measured pump activity in hypertension it adds breath of evidence in support of the conclusion that electrogenic transport is elevated in mineralocorticoid-induced hypertension. This vascular change parallels the development of hypertension.
